Abstract-The effects of the inhomogeneity of a time resolving CMOS single-photon avalanche diode array on the fluorescencesuppressed, time-gated, Raman spectroscopy device was experimentally studied here. Raman spectroscopy device using a 532 nm pulsed laser and a single time resolving single-photon avalanche diode (SPAD) with a micro step motor was developed to study these effects. A single SPAD with a step motor allows us to test the performance which could be achieved with an ideal line detector without any nonlinearities and inhomogeneities because the same SPAD and time interval measurement unit is used in every spectral point. Additionally, the single element can be replaced by a SPAD array with an on-chip time-to-digital converter (TDC) to make comparison measurements to clarify the effects of inhomogeneity. These comparison measurements were made by using an array of 256 elements with an on-chip 100 ps TDC and showed that the deterioration of Raman spectra is larger when fluorescence lifetimes and levels are shorter and higher, respectively.
I. INTRODUCTION
Raman spectroscopy is a well-known optical spectroscopic technique that gives a large amount of information about the molecular structure and chemical environment of the sample. It has been used in many applications in the field of biology, chemistry and food, pharma and oil industries [1] [2] [3] [4] [5] [6] . The conventional Raman spectroscopy is based on a CW laser and a CCD detector, and unfortunately both the Raman scattered and fluorescence induced photons are collected. Thus, the Raman spectrum of the samples with a high fluorescence background is difficult or even impossible to resolve. This is a major issue why the conventional Raman spectroscopy is not widely used in some otherwise potential applications [7] .
Fortunately, Raman and fluorescence photons have different time responses. Raman photons are scattered immediately when the sample is illuminated by the laser whereas fluorescence photons experience an exponentially decaying time response. Thus, the photons can be separated in the time domain, for example by using short (much shorter than fluorescence lifetime), intensive laser pulses (not CW laser) to illuminate the sample and by recording the sample response only during these short pulses [8, 9] . Using the "time gating", the amount of fluorescence photons can be dramatically reduced if the fluorescence lifetime is much larger than the time gate and a short laser pulse used, as shown in Fig.  1 .
This kind of "time gating" technique has been applied in previous work [8] [9] [10] . Unfortunately, since these techniques utilize a high-speed optical shutter based on a Kerr cell and a mode-locked laser with spectrograph and ICCD (intensified CCD), they are sophisticated, large and expensive systems that are not suitable for emerging on-site applications, for example. To overcome these problems, the CCDs and ICCDs should be replaced with a detector that can be time-gated and which could be fabricated as an array and does not need any cooling, for example.
Single photon avalanche diodes (SPAD) and SPAD arrays have been fabricated by using commercial CMOS technologies for approximately 10 years [11] . SPAD is a p-n junction which is biased with a reverse bias voltage above its breakdown voltage and is thus operating in the so-called Geiger mode. Nowadays, there are different technologies with different line widths available to manufacture SPAD arrays for applications such as time resolved fluorescence measurement [12] , time-oflight laser range finding [13] and positron emission tomography [14, 15] , for example. At the beginning of this decade we presented the idea of using of a time-gated SPAD as the detector of a Raman spectroscopy device to suppress the high fluorescence background [16] . The SPAD is well-suited for Raman spectroscopy because it can detect single photons and thus a weak Raman scattering can be detected and additionally, the time gating can be constructed in the same die with a SPAD quite easily compared to ICCDs and CCDs without any cooling. Several other groups have also presented SPADs and SPAD arrays for time-gated Raman spectroscopy [17] [18] [19] [20] . As has been shown, SPADs are suitable for array structures where the time gating electronics with a timing resolution of hundreds of picoseconds can be realized in the same die [19, 20] . To achieve adequate fluorescence suppression with a high fluorescence background having lifetimes of several nanoseconds, a time gate width of hundreds of picoseconds or less is required. However, when designing larger and larger arrays with a ~100 ps accuracy, the complexity of the design is increasing and thus the derivation of Raman spectrum is complicated by the inevitable inhomogeneities of the SPAD array and time gating electronics. This makes designing an array with a high quality and homogeneity a very demanding task from the point of view of the timing skew and variation of time gating, for example.
In this work we present the measurement results in which the effect of non-homogeneities and nonlinearities of a timegated 256 SPADs line detector are compared to the results achieved without these errors. The reference Raman spectrometer is based on the use of a single SPAD detector which is moved with a micro step motor to achieve the required spectral range. An off-chip time-to-digital converter (TDC) is used to store the times of arrival of each photon scattered from the sample, as shown in Fig. 2 a) . The illumination is based on a 532 nm pulsed laser (Teem Photonics) and a grating is used to spread the photons with different wavelength to the SPAD at a different position. The times of arrival of photons (STOPs signals in Fig. 2 b) ) can be recorded in relation to the excited laser pulses.
This device makes it possible to measure the ultimate performance in time-gated Raman spectroscopy because a single SPAD and TDC are not affected by the noise and the inhomogeneities of time gating through the whole line detector since one and only SPAD and one time interval measurement unit are being used at every spectral point. In addition, as the times of arrival of each photon are recorded with a high resolution (24 ps), a proper time gating can be realized in postprocessing based e.g. on Matlab code to derive the Raman spectrum from the histogram files. The disadvantage of this system is that the derivation of the whole spectrum takes more time than in a system utilizing a wider line detector. In the above system, the single element detector can be replaced by a time-gated 256-element SPAD line detector to perform the comparison measurements.
In what follows we first in Chapter II describe the structure of the time-gated Raman spectroscopy system. In Chapter III we give some measurement results with reference samples and a sample known to have a high fluorescence background (olive and sesame seed oil). Chapter IV gives the conclusions of the work. 
II. TIME-GATED RAMAN SPECTROSCOPY USING A CMOS SPAD AND A TIME-TO-DIGITAL CONVERTER
The time-gated SPAD-based Raman spectroscopy setup presented here is based on a pulsed laser with a subnanosecond optical pulse and a passively quenched SPAD detector. The proposed Raman spectroscopy setup is shown in Fig. 3 where it has been divided in three parts: (1) laser, (2) sampling optics and (3) spectrograph and detector. The purpose of the sampling optics is firstly to deliver the optical pulse from the laser to the sample and secondly to collect photons from the sample and deliver them to the spectrograph and filter out the laser wavelength. Photons having different wavelengths are spread spatially by the grating to the detector. Spectral information is then formed based on the location of the detector, which can be adjusted by the micro step motor.
A pulsed laser from Teem Photonics has been used as a laser source. The pulse energy of 1.2 μJ with a pulsing rate of 4 kHz can be delivered to the sample. The width (FWHM) of the optical pulse is 500 ps. The optical pulse from the laser is directed to the sample using a fiber with a coupler. The fiber collimator has been used to collimate the beam when it exits the fiber. Because coaxial excitation has been utilized, the same objective is also used as a collection optic which directs photons from the sample having higher wavelengths than laser through the dichroid (D in Fig. 3 ). In addition there is a mirror to rotate the beam 90° towards the input slit.
The spectrometer is based on a grating spectrograph and SPAD detector with a micro step motor (Thorlabs). The scattered photons from the sample are directed to the input slit with a width of 50 μm and a holographic grating (G in Fig. 3 ) after which the beam goes through the focusing lens to arrive in the SPAD detector. The SPAD detector of an active area diameter of 10 μm and designed in a 0.35 m HVCMOS technology is used here. The SPAD detector chip is placed on a test card which is moved by the micro step motor (Thorlabs) along the spectral axis so that the wavelength information of the scattered photons can be solved. Whenever a photon is detected by the SPAD detector, it generates a logic level timing mark for a time interval measurement unit (ORTEC TAC with data analyzer) (TDC in Fig. 2 ) which produces the time distribution of the detected photons with the resolution of ~24 ps. Because a free running laser is used, the synchronizing signal (START in Fig. 2 ) to the TDC is generated from the small portion of an optical pulse through a dichroid (D in Fig.  3 ) by an optical detector (DET in Fig. 2 and Fig. 3) . The whole measurement setup is controlled by a laptop with Labview.
III. MEASUREMENT RESULTS
As presented above, the aim of this work was construct a time-gated Raman spectroscopy device utilizing a single CMOS SPAD and the TDC with an accurate micro step motor to achieve a uniform response over the whole spectral range from the point of view of the detector and time-to-digital converter. This system was used as a reference system which can give Raman results which could be achieved by means of an ideal detector array. At the beginning, the performance of the constructed time-gated Raman spectroscopy system in the wavelength domain was measured by means of the calibration measurements with known reference samples. After that high fluorescence and short lifetime samples were used to make a comparison between the single element device and a timegated 256 SPADs line detector.
A step motor was used to move the single element over the whole spectral range and the accuracy of it was better than that of the grating limiting the spectral resolution (~10 cm -1 corresponds to ~50 μm).
A. Spectral Resolution Measurement
In order to gain adequate step size for the step motor, the spectral resolution measurement of the Raman spectroscopy system was carried out with a known reference sample, the mixture of a toluene and an acetonitrile with the ratio of 1:1 whose Raman spectrum is shown in Fig. 4 [21] . The Raman peak at the 786.5 cm -1 shown in Fig. 4 was used as a "spectral" impulse stimulus after it was located by using coarse sweep. The step size of 5 m of a micro step motor (half of the diameter of the SPAD) was used to solve the spectral resolution i.e. the spectral bandwidth of our whole Raman spectroscopy device. The step size of 5 m corresponds to the spectral resolution of 0.9 cm -1 , which is better than that of the grating and the pulsed laser used. Fig. 5 a) shows the Raman peak at 786.5 cm -1 measured by our system with the step size of 5 m. The spectral bandwidth of the system was derived to be 14 cm -1 (793 cm -1 -779 cm -1 ) from Fig. 5 a) corresponding to the step size of 78 m. The step size of 50 m was chosen to be adequate for Raman measurements, as demonstrated in Fig.  5 b) , where the same Raman peak at 786.5 cm -1 was measured by using the step size of 50 m giving a similar curve. Unless otherwise stated, this step size was used in all measurements. Note that as the diameter of the SPAD is 10 m, the step size of 50 m is leaving empty points between adjacent steps, but the measurement is five times faster. 
B. Calibration Measurements
To calibrate the wavenumber domain, i.e. the position of the step motor, known reference sample, the same mixture as above was used. The wavelength calibration was made by measuring the Raman spectrum of the mixture by using our time-gated Raman spectroscopy device over the wavenumber range from approximately 500 cm -1 to 2 400 cm -1
. Two peaks (521.7 cm -1 and 2 253.7 cm -1 from Fig. 4) ) were used to set the positions of the step motor, and the compensation curve was derived in order to achieve the best possible fitting. The calibrated Raman spectrum of the mixture of a toluene and an acetonitrile measured by our device is shown in Fig. 6 . All the Raman peaks can be found at the right places within the resolution of 9 cm -1 except the Raman peak at the 1 030.6 cm -1 shown in Fig. 4 . This peak is merged to the higher peak at 1 003.6 cm -1 because of the limited spectral bandwidth of our system, but the small peak at 2 292.6 cm -1 shown in Fig. 4  (2 301 cm -1 in Fig. 6 )) beside the peak at the 2 253.7 cm -1 (2 262 cm -1 in Fig. 6 ) can be derived by our system as the separation of these peaks is approximately 40 cm -1 .
The intensity calibration was made by using a continuous wave light source (Ando AQ-4303B light source) which was measured by the presented time-gated Raman spectroscopy system and by an optical spectrum analyzer (Ando AQ-6315A) over the wavelength range from 550 nm to 638 nm corresponding to wavenumber range from 628 cm -1 to 3 124 cm -1 in Raman spectroscopy. The intensity calibration curve derived from those results is shown in Fig. 7 . The waves are caused by the interference of the layers above the SPAD surface relating to the fabrication process of CMOS technology.
C. Raman Test Measurement with a Known Sample
Olive oil was used as a high fluorescence sample, which was measured by the above time-gated Raman spectroscopy device with a single SPAD and TDC and micro step motor to test the accuracy in the wavelength domain and the fluorescence suppression available. The background fluorescence is suppressed by using the time of arrival of photon histograms and summing the photons within the laser pulse, and additionally, the residual fluorescence level is further suppressed by subtracting the residual level estimated by the collection of the fluorescence photon after a laser pulse [22] . The most important Raman peaks of cooking oils are located within the spectral range from 800 cm -1 to 1 800 cm -1 and are at the wavenumbers of 1 268 cm [23] . The compensated Raman spectra of an olive oil sample derived by the time gate of approximately 700 ps and 20 ns are shown in Fig. 8 with a solid line and dotted line, respectively, to show the functionality of the fluorescence suppression. As can be seen in Fig. 8 , all the Raman peaks can be found at the correct places within the spectral resolution of our device, and the high fluorescence background is dramatically suppressed with a time gate of 700 ps.
D. Comparison Measurements
As mentioned above, using a single detector and a step motor, the errors caused by the inhomogeneity of the line detector can be avoided, yet at the expense of a longer measurement time. To clarify the effect of the inhomogeneity of the line detector, olive and sesame seed oils were measured by using both detectors, a single element with an off-chip TDC and 256 elements with an on-chip TDC. The 256 SPADs array consists of a 256-channel on-chip TDC having a resolution of 100 ps and a dynamic range of approximately 700 ps and thus the similar measurements as performed by using a single element and the off-chip TDC could be made. Therefore, Raman spectra measured by using the 256 SPADs array with the on-chip TDC were derived by summing the photons within the whole dynamic range of 700 ps to derive comparable results.
Sesame seed oil has approximately the same fluorescence lifetime (~2 ns) as olive oil, but the fluorescence level is one decade higher than that of olive oil. Raman spectra of olive and sesame seed oils measured by the Raman spectroscopy system based on a single element (black) and 256 elements (grey) are shown in Fig. 9 and 10, respectively. As can be seen in both figures, the spectrum measured by a single element has a better signal-to-noise ratio compared to that measured by the 256 SPADs. The increased noise is caused by the inhomogeneities of elements and time gating electronics in a line detector. The deterioration of the spectrum is larger when sesame seed oil is measured, because it has a higher fluorescence background compared to olive oil. Comparison measurements showed that the complexity of the array will increase the effect of inhomogeneity of SPADs and their time gating on Raman spectrum. To increase the number of SPADs in a line detector more, the time gating of the SPADs has to be designed carefully to achieve the best possible performance. Fig. 9 . Raman spectra of olive oil measured by using a single SPAD with micro step motor and 256 SPADs. 
IV. CONCLUSIONS
A time-gated Raman spectroscopy system based on a grating, a pulsed laser (FWHM = 500 ps) and a time resolving CMOS single-photon avalanche diode with a micro step motor have been presented in order to measure the "ideal" reference accuracy for a time-gated multi-element line detector with an on-chip TDC. Some comparison measurements were made to study the effect of the inhomogeneity of a time-gated multielement line detector on the Raman spectrum. Measurements with 256 SPADs line detector with an on-chip TDC showed that the SNR deterioration due to non-homogeneities is noticeable. The use of detector arrays speed up the measurement system but, the array should be designed carefully to achieve an adequate performance.
